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SUMMARY 

This report is a continuation of the testing of candidate materials for 
use as uncooled nozzles for a hydrogen-fluorine laser system currently 
being developed by the Defense Advanced Research Projects Agency (DARPA), 
the Air Force Weapons Laboratory (AFWL), and the Missile Research and 
Development Command (MIRADCOM). 

Thirty-three runs were completed in the HF test facility with materials 
of current interest to the project.  Included were thermocouple experi- 
ments conducted with graphite, magnesia (MgO), nickel-270, nickel aluminide 
(NiAl), and lanthanum hexaboride (LaBg) cylindrical specimens. With the 
exception of LaBg, all specimens were tested to failure in order to 
determine the "break point" or surface temperature at which the protective 
film breaks down and rapid reaction starts. Temperature versus time curves 
are plotted for all specimens. 

Test plates of graphite, MgO, alumina (AI2O3), and nfckel-200 were tested 
in the materials test chamber and the resulting data agreed with the data 
for cylindrical test specimens. Little or no observable corrosion of the 
graphite test chamber body occurred. 

Data were also collected from the testing of new materials, in the form of 
cylindrical specimens. Materials involved were dense calcium hexaboride 
(CaBg), dense yttria (Y2O3), a lanthanum fluoride/tantalum (LaF3/Ta) composite, 
a solid solution of lanthanum/strontium hexaboride (LaQ^Sro^Bß) anc' sub- 
strates of nickel-270, PÖC0 graphite, and W/Ni/Fe plasma-sprayed with LaBg. 
"Break-point" temperatures were determined for CaBg, Y2O3, and LaBg. Plasma- 
sprayed LaBg shows promise of protecting substrate materials, particularly 
in the case of POCO graphite. 

A ranking of the best fluoride film-formers with maximum^use temperature 
for near-zero corrosion in the 1800K-1400K range is: 

LaBg > CaBfc > La203'Si3N/l > (Sc, SrO, LaCr03, Ni) 

INTRODUCTION 

The HF (hydrogen-fluoride) chemical laser requires high-temperature, 
hydrogen-fluoride molecules that are excited to an elevated vibrational 
state and allowed rapid expansion. ' 

The principal nozzle material previously considered was nickel—requiring 
internal cooling and thus special machining for coolant flow, as well as 
creating reduced lasing efficiencies from the high energy losses through 
the flowing coolant. Therefore, interest has developed in uncooled nozzle 
materials in the activity entitled "Advanced Low-Heat-Loss Nozzle Research 
Program." 



Previous reports   ; described the design, construction, and operation 
of the HF facility and discussed the initial materials selection criteria. 
Included were results of the initial screening phase of the program, and the 
testing of 136 specimens, plus some physical property data. The upper use- 
temperatures for near-zero corrosion, as determined for 12 different 
materials, was also included. 

Three types of materials testing experiments are covered in this report: 
(1) the continuation of material (old and new) evaluations using 
cylindrical specimens, (2) the testing of cylindrical specimens with 
embedded thermocouples, and (3) the testing of flat plates in the materials 
test chamber assembly. 

SECTION I. TEST CYLINDERS WITH EMBEDDED THERMOCOUPLES 

A. Experimental 

In an effort to define true surface temperature, experiments were 
devised whereby thermocouples are inserted into the specimens under- 
going test. The temperature-measuring techniques employed and the 
results obtained on runs conducted with alumina are described in 
previous reports.v.2,3) Calculation of true specimen surface tempera- 
tures from the thermocouple data using thermal conduction equations 
and extrapolation techniques indicated both methods essentially gave 
the same results. Calculated surface temperatures differed from top 
center thermocouple readings by a maximum of 2Q°C, with an average 
difference of 10°C. Comparable temperature differences, employing 
extrapolation techniques, were obtained for the thermocouple experi- 
ments described in this report. 

B. Results and Discussions 

1. Graphite 

Two runs, HF-139 and HF-14^, were made with ATJ graphite specimens; 
time versus temperature data are plotted in Figure 1 for Run HF-144. 
In this run, the specimen heated up rapidly to a maximum of 15^3K, 
and a "break-point" temperature, according to the top thermocouple 
reading, was 1138K. We were aware that the "break-point" temperature 
or surface temperature of emergence of rapid reaction for graphite 
was in the vicinity of the point at which the automatic pyrometer 
started to indicate, but this is the first instance in which the 
"break-point" temperature was clearly recorded. Automatic and 
manual radiation pyrometer readings are included in Figure 1 and 
these show a temperature about 40K higher than the top thermocouple 
reading in the temperature region of 1500K. 
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2. Lanthanum Hexaboride 

Two thermocouple experiments were conducted with a lanthanum hexa- 
boride specimen. The specimen was mounted on alumina grit, in 
each instance, in order to reduce the amount of heat conducted 
away by the nickel specimen support.  In Run HF-141, in which the 
highest flame temperature used was 2690K, a maximum specimen surface 
temperature of only 1571K was attained. The second run, HF-142, 
was made with the same specimen, but higher flame temperatures 
were employed.  Figure 2 presents the temperature versus time data 
for Run HF-142.  Employing flame temperatures to above 2853K, a 
maximum specimen surface temperature of 1720 K, as indicated by 
the automatic optical pyrometer, was reached. At this point, thermo- 
couple readings became erratic, and, in fact, the No. 4 thermocouple 
inserted in the center of the specimen failed; the nickel thermo- 
couple sheath had melted indicating that the temperature had reached 
the melting point of nickel, namely 1726K. 

The temperature plot also shows a more than 70K difference between 
thermocouple and pyrometer readings, which Is unlike the situation 
with the graphite samples. No explanation is offered at this time, 
other than that this larger temperature difference ties in with the 
thermal resistance and characteristics of the lanthanum fluoride 
layer. 

The LaBg specimen used in the above tests was determined to have a 
bulk density of 4.68 g/cm3 which is 99.3% of theoretical. 

3. Magnesia (MgQ) 

Within a period of three minutes, during the first run (HF-138) 
conducted with MgO, the specimen split in two pieces in a plane 
running through the three drilled thermocouple holes.  Indications 
were that stresses may have developed during the drilling operation. 

For the second run, a single crystal MgO specimen was employed having 
only two thermocouple holes. After operating with a 1700K flame 
for 3.75 minutes and an 1830K flame for 1.5 minutes, the run was 
aborted because the flame was seen to be off-center. Upon adjust- 
ment of the nozzle, the run (HF-147) was continued with the same 
specimen, even though it had developed visible cracks. The run was 
terminated after 17.05 minutes, during which time it was observed that 
a portion of the specimen had melted and the center thermocouple 
hole became visible. 

The temperature versus time data for Run HF-147 are plotted in 
Figure 3. The data indicate a "break point" occurred at around 
1256K, after which there was a rapid temperature rise to 1421K (per 
automatic pyrometer scan). The pyrometer and top thermocouple 
readings differ by about 70K. 
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The "break point" temperature 1256K determined above, compares . . 
favorably with data previusly obtained on MgO; 12^1K and 1248K.^) 

k.    Nickel 

Time versus temperature data on a nickel-270 specimen (Run HF-140) 
are plotted in Figure k.    With a flame temperature of 2395K, thermo- 
couple readings rise rapidly to a maximum of I698K, and the maximum 
automatic pyrometer reading attained was 1680K. The surface tempera- 
ture of the nickel specimen was actually higher, since the specimen 
did melt, and the melting point of nickel is 1726K. 

Nickel does have a "break point" temperature which is estimated to 
be 1A25K. A previous experiment determined the maximum surface 
temperature for near-zero corrosion of nickel to be 1390K.'3/ 

5. Nickel Aluminide (NiAl) 

Another of the metallic materials tested was NiAl, which is 
essentially an equimolecular compound of aluminum and nickel. Time 
versus temperature data on the NiAl specimen (Run HF-149), are 
presented in Figure 5. After about 2.5 minutes, there is a "break 
point", which according to the thermocouple readings is"1304KJ the 
pyrometer recorder reading at the same time is I38OK.  in previous 
work,(3) the zero-corrosion surface temperature for NiAl was 
reported to be 1390K. 

The maximum thermocouple and pyrometer readings recorded are 1569K 
and 16A6K, respectively. The nickel specimen support and the top 
center nickel thermocouple sheath became attached to the specimen 
during the run, indicating there was a reaction with the NiAl. 

SECTION II.  MATERIALS TEST CHAMBER ASSEMBLY 

A. Experimental 

An ATJ graphite cylindrical test.chamber was fabricated for the purpose 
of evaluating the erosion effects as well as the chemical and temperature 
effects of the HF torch on candidate test materials. Design of the 
chamber was discussed in the previous report.'3) 

Operation of the test chamber was satisfactory. The distance between 
the nozzle tip and test plate was maintained at 98.A mm (3 7/8 in), and 
the gas flows employed were the same as those used for testing the 
25.4-mm-diameter cylindrical specimens. The sapphire window in the 
chamber sightport permitted observation of the flame, the test plate, 
and scanning with the optical pyrometer. After six runs, no etching of 
the sapphire window was noted. Pressure buildup in the chamber,, in 
the runs conducted thus far, did not exceed 2 psig. A nickel-sheathed 
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thermocouple, fastened to the exterior bottom of the chamber, and 
positioned as close to the center of the plate as permissible, pro- 
vided some of the temperature data,  in tablulating the pyrometer data, 
in Appendix II, it was necessary to add another correction to the 
readings in order to compensate for the sapphire window in the test 
chamber sightport. This correction ranged from 6° to 17°C for readings 
between 800°C and 1600°C. 

B. Results and Discussion of Test Plate Performance 

1. ATJ Graphite 

Initial runs in the test chamber were made with two ATJ graphite test 
plates, 3.8l-mm thick, drilled with thirty-six 1.016-mm-diameter 
holes, set in a square array on 5.59 mm centers.  In the first run, 
HF-145, a flame temperature of 1700K was employed. After 5.6 minutes, 
the run was terminated.  At no time did the plate get hot enough 
to enable pyrometer readings to be taken. Data for this run and 
the following test chamber experiments are all presented in 
Appendices I and II. 

In the second run, HF-146, the flame temperature was 1900K. After 
about 4.25 minutes, the test plate started to react, as evidenced 
by the rapid rise in both thermocouple and pyrometer temperature 
readings. The holes in the test plate were observed to increase in 
size, and the pressure in the test chamber dropped to 0 psig. 

Figure 5 shows the condition of the test plates that were exposed 
to the HF flame during runs HF-1^5 and HF-146.  For run HF-1^5, 
the test plate shows that the protective CFX film was retained, 
and there was no evidence of corrosion.  For run HF-146, the pro- 
tective film in the center area with the holes is gone, and enlarge- 
ment of the holes and corrosion in this area is evident. Figure 7 
shows the faces of.the plates that were directed away from the HF 
flame. One comment to be made in.regard to plate HF-146 is that 
the temperature in the white outer ring area was lower (< 1138K) 
than the temperature in the center. 

Examination of the test chamber assembly upon completion of both 
runs showed that the interior was still black and unaffected, and 
had, therefore, experienced no appreciable temperature rise. 

Two additional ATJ graphite plates, 3.8-mm thick, were fabricated 
for testing in the chamber, but the openings in the plates were 
slots instead of holes.  Each plate had 5 slots, 12.7-mm long, 
spaced 5.59 mm apart with tapered cross sections. Typically, as 
for run HF-156, the taper ranged from 1.016 to 1.067 mm wide on 
both sides of the plate down to 0.356-0.^57 mm wide in the interior 
of the plate. 
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HF-156 was conducted with a 1900K flame temperature.  In the 
interval of 38 seconds, the graphite plate reacted and pyrometer 
readings rapidly increased to 1635K. Figure 8 shows the face of 
the plate (HF-156) that had been exposed to the HF flame.  It is 
apparent that corrosion occurred in the immediate area of the 
slots and the slots had increased in cross section. A second run, 
HF-158, was conducted with a 1700K flame temperature. Here, too, 
the graphite plate reacted and temperatures increased rapidly; how- 
ever, not until k.33 minutes of the run had elapsed.  In Figure 10, 
the exposed face of plate HF-158 is also exhibited. Again, the 
corrosive action is seen to have occurred in the area of the slots. 
The faces of plates HF-156 and HF-158, downstream from the HF flame, 
are shown in Figures 9 and 11. 

Evidently there was a difference in behavior between the two sets 
of test plates; those with holes versus those with slots*. This 
behavior, apparently, is explained by differences in configuration. 
The sharp, thin edges contained within the slots protrude into 
the hot-gas stream and heat up more rapidly to the temperature at 
which the protective film fails and corrosion begins. 

2. Magnesia (MgO) 

A MgO plate, having multiple holes and the same configuration as 
graphite plate HF-1^5, was fabricated and tested. During the 
experimental run (HF-155), in which a flame temperature of 1700K 
and 1830K was employed, the plate cracked into several pieces. The 
plate may have cracked at the beginning of the experiment since 
the chamber pressure was only approximately 1 psig.  During the 
progress of the run, after 3.93 minutes, a "break point" temperature 
of 1247K was attained, as observed on the pyrometer recorder chart. 
Previous data on MgO specimens reported the surface temperature of 
emergence of rapid reaction to be 1241K and 1248K.(3) 

The condition of the front and rear faces of the MgO plate after 
test in shown in Figures 8 and 9. Observation shows that the center 
area with the holes did experience some corrosion. 

An additional observation was made that, in this instance, the 
interior of the graphite chamber had reacted with the HF torch gases 
since a higher flame temperature was required to test the MgO plate 
to the failure point. , 
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3. Alumina (AI7O3) 

A run (HF-I59) conducted with, a test plate of alumina was not 
successful in that a section of the plate cracked and fell away; 
this was not evident until the run was finished. With a flame 
temperature of 1700K, the surface of the alumina reached a 
maximum temperature of 1^16K as determined by the automatic pyrometer. 
No temperature "break points" were noted on either the pyrometer 
recorder or thermocouple recorder charts. Figure 12 shows the 
exposed side of the plate. The surface of the alumina does show 
evidence of corrosion. 

k.    Nickel-200 

Another chamber experiment was conducted with a nickel-200 test 
plate having a 36-hole configuration similar to plate HF-1A5.  In 
this run, HF-157, there was a steady rise in specimen surface tempera- 
ture up to 1437K, at which time the run was terminated; no "break 
point" temperature was apparent. The front and rear faces of the 
tested plate are shown in Figures 10 and 11. The plate did experience 
a slight amount of corrosion, particularly in the center of the plate 
where the hole sizes were enlarged. 

SECTION III.  FURTHER MATERIALS EVALUATIONS 

(3) 
Since the previous report,   data for additional, cylindrical specimens 
tested have been tabulated and are shown in Appendices I and II.  It is 
apparent from Section I of this report that a fluoride film failure point 
or "break point", Tf can be determined from the temperature versus time 
profiles of the samples tested. Empirically, if the sample surface temperature 
is ^ 35%  of Tf (including emissivity corrections), near-zero corrosion occurs— 
or such a point represents a conservative maximum use-temperature. 

A.  Lanthanum Hexaboride (LaBft) 

Previous tests on lanthanum hexaboride (LaBfc) failed to cause a charac- 
teristic temperature rise from rapid exothermic reaction; a point where 
some flowing of the LaF3 film occurs at I636K (1756K with >gmissivity 
correction) was thought to represent failure—even though the fluoride 
was still highly viscous and protective.  By thermally insulating the 
underside of a specimen with a porous LaF3 layer, as in run HF-171» and 
by a slow, continual reduction of fluorine from the 2F2/H2 ratio to 
I.6F2/H2 to increase the flame temperature above 2853K, a characteristic 
film failure was noted followed by rapid exothermic reaction, yielding 
the Tf of I87AK. The specimen lost 'v- 10% weight and had no LaF^ film 
after testing. A possible explanation for the loss of LaF3 between 
1756K and 187^K is:  (1) the viscosity of the LaF3 becomes low enough 
to allow rapid flow, and (2) rapid vaporization of the LaF3 occurs simul- 
taneously. Thus, the reported LaF3 melting point (I765K) may be exceeded 
by ^ IQQK before film failure, and then, the LaB{j behaves as if its 
fluoride sublimes, thereby retaining its configuration. 



21 

:iiitäfai 
k;#A*&] 

I # 

i-7 '«/■ ■■ x& 

m 

'    V-   ;' :'-!4 

^ 

/ 

^ 

Figure 12. ALUMINA TEST PLATE— FACE EXPOSED TO HF FLAME. 
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A temperature versus time curve for run HFH71 is presented in 
Figure 13« According to the optical pyrometer readings, a "break 
point" occurs at 1738K, after which there is an additional temperature 
rise to 2041K. With this additional rise, other events had taken 
place during the run; the nickel specimen support and the tip of the 
thermocouple had melted, and the specimen had disappeared from view. 
The specimen, however, was recovered intact from the bottom of the 
test chamber. 

B. Dense Calcium Hexaboride (CaBft) 

A dense sample of calcium hexaboride (CaBfc) was obtained with bulk 
density of 2.43 g/cm3 and zero open porosity, representing 100% 
theoretical density. Previously, in run HF-87(2) CaB6 with ^ 21% 
porosity fragmented on initiation of the flame. With the dense specimen, 
however, a protective CaF2 film formed, but some corrosion (i.e., Run 
169, 4.5 wt % loss for ^  180 seconds of ^ 1500K surface temperature) 
occurred. Additionally, CaBfc is not as resistant to thermal shock as 
LaBg, since CaBfc specimens required programmed flame temperature 
increases, in ^ 2Q0K increments, above 1700K. Apparently, the fluoride 
(CaF2) film affords some protection even above its melting point, up to 
the temperature where its viscosity becomes low enough to allow little 
substrate protection. Then, at Tf, as visually observed in run HF-167, 
the film was blown to the «dge of the test cylInder, allowing rapid 
corrosion. A photograph of the specimen, tested in run HF-167, appears 
in Figure 14.  Here the CaF2 is seen as globules around the edge of the 
specimen and as a crescent-shaped layer (facing upward) on the top 
surface. 

The temperature versus time curve for run HF-167 is presented in Figure 
15. As indicated by the pyrometer readings, a "break point" occurs at 
1661 K (1784K with emissivity correction) and there is an additional 
temperature rise to a maximum of 1924K. 

C. Dense Yttria (Y20^ 

As with CaB6, yttria (Y2O3) of high porosity K 38% open pores) frag- 
mented upon exposure to the HF flame.  Dense material was obtained with 
bulk density of 4.98 g/cm3 and zero open porosity, representing 99% 
theoretical density. The material remained thermal shock sensitive but 
could be testing using programmed gas flows, allowing the measurement 
of Tf. From Table 1, it is apparent that film failure for Y2O3 is 
nearly identical to its fluoride (YF3) melting point, Implying that 
varorization or microcracking of the fluoride film have little effect 
on lowering its protection. The value of Tf = 1422K compares well to 
that for yttrium metal (1424K). 

A temperature versus time curve for run HF-163, conducted with ä dense 
Y2O3 specimen, is presented in Figure 16. As indicated, a "break point" 
occurs at 1340K (1422K with emissivity correction), and there Is an 
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additional temperature rise to a maximum of 1486K.  It might be mentioned 
that the specimen did break into three pieces after its temperature exceeded 
the "break point" temperature. 

D. LaF^/Ta Composite 

A composite was considered combining the stable, high-melting lanthanum 
fluoride (LaF3) with a ductile metal (Ta) that forms a volatile fluoride 
(TaF5), with the prospect of reacting the Ta away on the surface; leaving 
the protective lanthanum fluoride. The mixture (15-3 wt %  LaFß + 84.7 wt 
%  Ta) was designed to have ^ 33 vol %  LaF3> Two samples were prepared: 
one about 72% dense (9.3 g/cm3 bulk density), isostatically pressed at 
30 ksi and sintered at 1725K for 15 minutes in argon; the second, about 
90% dense (from bulk dimensions and corrected for ^ one-half of the LaF^ 
content vaporizing) was hot pressed at 3.8 ksi for one hour at 1725K. 
Both specimens reacted vigorously with the HF flame, as demonstrated in 
runs HF-150, 151, and 152. The LaFo film was very poorly adherent and 
was quite porous.  It is doubtful that a fully dense composite would have 
performed much better, since the large surface voids created throughout 
the LaFj film by the TaF5 evaporation diminishes the protection. 

E. Thermal Analyses 

In order to better understand the relative protection afforded by 
fluoride films, the behavior of selected pure fluorides was studied 
by thermogravimetric analyses (TGA) and differential thermal analyses 
(DTA). The former technique yields information on the fluoride volati- 
lization characteristics in vacuum (< 1,3 x 10~3 Pa), whereas the latter 
accurately defines melting points from heating and cooling curves. The 
data obtained are given in Table 2. Temperatures, Ti, represent weight 
loss initiation, whereas Te or T-$%  represent the point where rapid weight 
losses occur, and indicate the upper use-temperatures of the pure fluorides 
in vacuum. These values are considerably lower than the fluoride film 
failure points (Tf)(see Table 1), determined for materials which form 
these fluorides; it is suspected that the excess fluorine (2HF/F2) may 
suppress to some extent the fluoride volatilization in the torch environ- 
ment . 

(13) 
Since there was a citation to an anomalous solid solutionv  at the 
2SrF2~TLaF3 composition, this mixture and the end members were examined 
by DTA. The SrF2 and LaF* melting points are within 5K of reported 
values. 01») The 2SrF2-LaF3 mixture melted 65K higher than LaF3 and 95K 
higher than SrF2; subsequent X-ray diffraction analyses revealed only 
the SrF2 with a slightly shifted diffraction pattern indicative of the 
solid solution 2SrF2~lLaF3 (since no LaF3 was detected). 

F. LaQ.33SrQ.67B6 - Boride Solid Solution 

Since the thermal analyses revealed the high melting point of the solid 
solution 2SrF2-lLaF3, and since it has been reported05) that a 
continuous solid solution of the borides LaB6 and SrB6 exists, the 
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Table 2 

Fluoride Characterization by Thermal Analyses 

Characteristic Weight 
Temperatures1 

(K)3 

Change 
Melting 
Points 

Materials2 Ti* Teb _T3«1... (K)7 

AIF3 900 995 980 - 

CaF2 1385 1590 1565 - 

SrF2 - - - 1740 

LaF3 1360 1640 1600 1770 

2SrF2-lLaF3 
Sol id Solution 1435 1580 1575 1835 

determined from TGA data using a Mettler Thermoanalyzer Model TA-1 
with uTtrahigh temperature (2773K) furnace using a vacuum < 1.33 x 
10-3 Pa '(< 10_5 torr), a heating rate of 10 K/min, and W/(W-26% Re) 
thermocouple, and with W crucibles 

2Greater than 99.6 wt %  pure by spark source mass spectrographic analyses 

3Rounded to nearest 5K 

^Initiation temperature as indicated by the initial change in slope 
of the weight loss curve 

Extrapolated temperature of rapid weight loss as determined by the 
intersection of tangent lines—one to the base curve and one to the 
point on the curve where 10% weight loss (based on initial weight) 
after 1273K occurred (or after 773K for AIF3) 

GTemperature at which 3%  weight loss (based on initial weight) after 
1273K occurred (or after 773K for AIF3) 

'Determined from DTA data using a Mettler Thermoanalyzer, Model TA-1 
with high temperature (1873K) furnace, using a flowing (5.1 dnP/hr) hell 
atmosphere, a heating rate of 8K/min, and Pt/(Pt-10Rh) thermocouple, 
and with Mo (Grade TZM) crucibles; average of four peaks 

urn 
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composition Lant33$rQ 67^6 
was prepared by reactive hot pressing 

the mixture (La^ + 4Sr0 + 80B). About 25 wt %  excess boron above 
the stoichiometric amount was used. Pressing at 245QK for three hours, 
under a pressure from 9.8 to 6.1 ksi, a specimen with a bulk density 
of 2.82 g/crrß and a theoretical density of 871 was obtained. The 
material was tested in run HF-161 and performed rather well, with some 
observed liquid formation on the surface of the specimen after having 
reached a maximum temperature of 1802K. Some internal fluoriding had 
occurred, and the fluoride coating was not very dense or adherent. 
Further testing of a dense specimen would be necessary to adequately 
compare the behavior of this hexaboride solid solution to LaBg. 

G. Plasma-Sprayed Lanthanum Hexaboride (LaHfo) 

Since L.aB£ is a very high hardness material that requires either 
expensive diamond tool grinding or less familiar, nonconventional 
machining techniques (i.e., EDM, ECM, ECG), an improvement might be 
made in fabricating the compound by plasma spraying. Plasma-sprayed 
(P-S) material is ^ 85-95% dense with flat grains that are not as 
strongly bonded as hot-pressed, more equiaxed grains. Thus, the P~$ 
grains would "pull out" more readily by conventional machining, enabling 
the rapid shaping of relatively dense P-S layers (generally of 0.25 
to 2.5 mm thickness). Additionally, P-S coatings can be used to 
provide protection" for materials with less stringent performance 
requirements than, for example, nozzles. An instance would be the 
graphite test chamber assembly described in Section tt. 

By using -kk,  +25 ym size powder, it was possible to plasma spray LaBg 
successfully. Cylinders of nickel (coefficient of linear thermal 
expansion or CTE of 17.1 x 10~6/K in the range 298-1273K). W-Ni-Fe 
(CTE of 5.2 x 10~6/K), and P0C0 graphite (CTE of ^ 7 x 10_°/K) were 
plasma-spray coated with LaBg (CTE of 9.0 x 10~6/K). The LaBg layers 
were all £ 0.18 mm (or ^ 0.007 inch) and did provide a measure of 
protection for all substrates.  However, cracking of the LaF^ film 
layer occurred on shutdown for all but one P0C0 graphite specimen, which 
has a very close CTE match to the LaBfc.  It is likely that by plasma- 
spraying mixed powders as an interlayer, an expansion gradient may be 
achieved (i.e., a Ni + LaBg interlayer on Ni followed by a pure LaBß 
layer).  From the tests with different thicknesses of LaBg on P0C0 
graphite, it appears, at this time, that a 0.71-mm (28-mil) coating will 
give the best protection. The LaBg coatings that were applied to the 
above test specimens were nonuniform in thickness. The uniformity of 
coatings may be a factor in the performance of a material, and an effort 
will be made to investigate this. 

Three experiments were conducted with LaBg plasma-sprayed P0C0 graphite, 
namely, runs HF-153, 15^, and 168. Runs HF-164 and HF-170, respectively, 
were conducted with a nickel-270 and a W-Ni-Fe-coated specimen. All 
data and results for these runs may be found in Appendices i and II. 
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The concept of plasma-spraying LaBg on materials to provide protection 
against 2F2H2 environments will be explored further.  It will "be 
specifically applied to the testing of materials, as test plates, in 
the graphite test chamber assembly.  In the fabrication of these test 
plates, experience will be gained in the machining of sprayed LaBg 
to prescribed dimensions.  It is intended to fabricate a POCO graphite 
test chamber assembly sprayed with LaBfc, which should permit operation 
at temperature levels above which graphite would readily corrode. 

SECTION IV.  COMPILATION OF LANTHANUM HEXABORIDE DATA 

A. Properties 

In view of the fact that LaB^ is generally unfamiliar to people in the 
materials field, a compilation of its properties is presented in 
Appendix III. Thermal diffusivity, thermal conductivity, and thermal 
expansion data on LaBfc, plotted as a function of temperature, are also 
presented along with comparison information on MgO, AI2O3, and BeO 
(see Figures 16, 17, and 18).   In addition to the properties listed, 
LaBfc is not water reactive and has excellent thermal shock properties.^) 

B. Machining Tests 

Machining techniques which have been successfully used with borides 
are also mentioned in Appendix III.  Of those cited, we, at the Y-12 
Plant, have only tried diamond-tool cutting and drilling, and electrical 
discharge machining (EDM) to shape LaBg specimens. 

Attempts to drill AO-mil-diameter holes ultrasonically in a specimen^ 
of LaBfc were not satisfactory, in that the cores broke Off in the drill 
resulting in drill breakage.  Better success was obtained with a "precise 
diamond-plated mandrel turned in a high-speed rotary grinding head at 
approximately 20,000 rpm; it took 3~5 minutes to drill a 150-mil-deep 
hole, 40'mils in diameter.  In employing EDM techniques for drilling, 
it was found that it took 5-6 hours to drill a 60-mil-diameter hole, 

1/4-inch deep. 

An attempt to part a 1-inch-diameter LaBg cylinder in half with a 
plated diamond parting wheel took eight hours. Though not tried, it 
was felt that a resin-bonded diamond wheel would have given faster 
performance. The use of EDM to part a 1-inch-diameter cylinder also 
took eight hours; a copper/tungsten electrode was utilized in this 
instance.  Here again, it was felt the job could have been done more 
quickly had a traveling wire electrode been employed. 

n 
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CONCLUSIONS 

Continued testing of materials behavior in hydrogen-fluorine environments 
has revealed: 

1. As previously mentioned, material performance depends on the 
characteristics of its fluoride film. For substrate protection, 
the fluoride film must kinetically inhibit the fluoriding reaction. 
Fluoride film failure can occur by melting, vaporization, micro- 
cracking, or spalling. 

2. A ranking of the best fluoride film formers with maximum use-temperatures 
for near-zero corrosion (or 95% Tf) in the range 1800-1400K is: 

LaBfc > CaB£ > La203'Si3N/j >  (Sc, SrO, LaCrÜ3, Ni) 

3. Experiments conducted thus far with the graphite test chamber, in which 
test plate surface temperatures up to 1750K were attained, indicated 
little or no observable corrosion of the chamber body. Test plate data 
directly correlates with the data for test cylinders. Configuration 
was found to have an effect on the corrosion resistance of a specimen; 
i.e., the presence of sharp edges accelerates the initiation of 
corrosion. 

k.     Embedded thermocouple experiments do show temperature profiles for 
tested specimens. 

5. A plasma-sprayed coating of LaBfc, nominally 0.7-mm thick, did provide 
protection for a P0C0 graphite substrate, when tested in the HF flame. 
The resultant LaF3 layer was adherent and did not spall or crack upon 
cool down after test. 
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APPENDIX III 

SUMMARY OF PHYSICAL-CHEMICAL PROPERTIES OF LaBg^"11^ 
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Property Units Temperature Value   Comments 

Formula Weight 

Color 

Density 

Structure 

Lattice Parameter 

Heat of Formation, 

"AH°f,298 
Heat Capacity, Cp 

g/cm3 

0 
A 

Kca1/mo1e 

cal/(mol-°K) 

Thermal Conductivity, ic cal/(sec-cm- 

Thermal Diffusivity, a    cmVsec 

Average Coefficient of     K~' 
Linear Thermal Expansion, 
:'   S 

203.78 

Purple, metallic-like 

298 4.709  By X-ray 

Cubic, Space group Pm3m 

298    4.1573±0.001 

298       30.7 

298        23.22 See Figure 16 

K)  300 0.114+0.01 See Figure 17 

300 0.177 See Figure 16 

6.4±0.5xlO~6 By X-ray, see Figure 18 
(293-1073 K) 

7.4+0.5x10-6 By X-ray, see Figure 18 
(293-873 K) 

Melting Point °K - 2988 

Vapor Pressure 
of La over LaBg 

Pa 1993 9.07xlO~3 

Vapor Pressure 
of B over LaBg 

Pa 1993 4.97xlQ"3 

Rate of Evaporation g/(cm^-sec) 1993 1.54 x 10~° 

Crystal Lattice Energy 
U 

Kcal/mo1 - 1770 

Debye Temperature, 
0 

K - 885 

Root-mean-square 
Amplitude of Thermal 
Vibrations of Atom 
Complexes,/"-2  ^ Vz 

\  V-    29lJ 

A 291 0.Q42 

Electrical Resistivity fi-cm 293 7xl0"6 

Thermal Coefficient 
of Electrical Resistance 

K-l +2.68xl0~3 
(273-373 K) 
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Property Value Temperature   Value Comments 

Coefficient of Thermal EMF  uV/K 

Electronic Work Function    eV 

Richardson Constant     Amps/(cm -K2) 

Coefficient of Secondary 
Emission 

Hall Constant, R 

Magnetic Susceptibility 

Effective Magnetic 
Moment 

Normal Spectral 
Emittance at A=0.65 um 

Microhardness 

Modulus of Elasticity 

Bending Strength, MOR 

Reagent Resistance 

Machining Techniques 

cm3/coulomb 

mol -1 

Bohr magnetons 

kg/mm 

kg/mm2 

(msi) 

kg/mm2 

(ksi) 

293 

7.0 

2.68 

29 

0.95 

-4.96x10k 

60xl0~6 

(293-673K) 

9.0 

0.82 
(1073-1973 K) 

2065 
(100-g load) 

41.0-48.8 
(58.3-69.4) 

12.9-35.0 
(19.3-49.8) 

3. 

4. 

Maximum values reported 

Maximum values reported 

Nearly insoluble in 1:1 
(concentrated acid: 
H20 dilution HC1, H2S0ip 
and 15% NaOH solution; 
completely soluble in 1:1 
dilution HNO3 or HNOo 
mixed with HC1 or f^sO^. 

Diamond-tool grinding, 
sawing, or polishing 

Electrical discharge 
machining (EDM) 

Electrical machining (ECM) 

Electrochemical grinding 
(ECG) 

Electrolytes (for 3 and 4) 
suggested are 2.5N NH4NO3 or 
NH4NO3 mixed with ^POi^ 
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